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WHY LOW TEMPERATURE (< 600 ºC)?

Metallic Interconnects
Lower cost and greater reliability

Easier Sealing
Lower cost and greater reliability

Smaller Thermal Mismatch
Greater reliability → Lower cost

Less Insulation
Lower cost

Rapid Startup with Less Energy Consumption
Lower cost and better performance

Stable High Surface-Area Electrodes
Better performance → Lower cost



10-3

10-2

10-1

100

0.9 1.0 1.1 1.2 1.3 1.4

800 700 600 500

ESB

LSGM

GDC

YSZ

TEMPERATURE     (ºC)

1000/T    (K-1)

C
O

N
D

U
C

TI
VI

TY
   

  (
S/

cm
)

CONDUCTIVITY OF VARIOUS ELECTROLYTES



Eguchi, et al., Solid State Ionics, 52, 168 (1992)

Wachsman, et al., Solid State Ionics, 52, 216 (1992)

Ceria-Conductivity &
Bismuth Oxide-Structure
in Reducing Conditions



Decomposition PO2
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BILAYER CONCEPT 

LSDC /LESB > τoptimal

ESB is stable

LSDC /LESB < τoptimal

ESB decomposes

Interfacial PO2



Jump from one tetrahedron to an 
adjacent tetrathedron in <100> direction

FUNDAMENTALS OF IONIC TRANSPORT IN FLUORITE OXIDES 
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Electrolyte Conductivity
(S/cm) 

ASR (Ω⋅cm2)
100 µm thick

ASR (Ω⋅cm2)
10 µm thick

0.020.230.043DWSB

0.050.480.021ESB

0.111.050.0095GDC

0.201.960.0051LSGM

2.1721.740.00046YSZ

CONDUCTIVITY OF VARIOUS ELECTROLYTES @ 500 ºC



1.   Pellet Preparation 
- Solid State Synthesis

2.   Preparation of Thin Films 
- Pulsed Laser Deposition 

(PLD)
- target: ESB, substrate: SDC

3.   Microstructural Analysis
- Profilometry
- XRD, SEM, and EDS

4.  Electrical Measurement
- AC Impedance Spectroscopy

( 0.1 - 10MHz: 300 - 800°C)
PLD Operation

PULSED-LASER DEPOSITION: 
PROCEDURE & CHARACTERIZATION



Chemical composition of 
ESB/SDC bilayer from EDS 
by X-ray linescan 

Cross-section SEM micrograph 
of SDC/ESB bilayer

Characterization:
SDC/ESB bilayer via 
Pulse-Laser Deposition (PLD) 



Cross-section and Surface
SEM micrograph of SDC/ESB bilayer

Characterization: SDC/ESB bilayer via Dip-Coating



Chemical composition of ESB/SDC 
bilayer from EDS by X-ray linescan………….….and mapping 

Characterization: SDC/ESB 
Bilayer via Dip-Coating



FUEL CELL TESTING: SCHEMATIC
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Characterization: OCP and ti vs. Temperature for 

SDC and ESB/SDC Electrolytes

XESB/SDC ≡ X µm thick ESB layer on ~1.5 mm thick SDC substrate



Effect of ESB/SDC relative thickness on (a) open-circuit potential and (b) transference 
number of bilayer electrolyte SOFC with air on the cathode side and H2/H2O on the 
anode side (open symbols: data obtained with a porous ESB film).

Effect of Relative Thickness on OCP & ti for ESB/SDC 
Bilayer-Electrolyte SOFC

with Air at the Cathode and H2/H2O at the Anode
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Electrode supported thin-film electrolyte systems Quantitative 
Stereology of Film Porosity CATHODE

THIN FILM      
ELECTROLYTE

ANODE

ESB

GDC

GDC ESB
CATHODE

ANODE



20µm 50µm 20µm

Sintering Conditions

Ni-GDC
GDC

GDCN
iO

-G
D

C

Pt Pt

Surface                      Cross-section 5coats Cross-section 15coats

Pre-sintering: 850°C/4hrs 

Final sintering: 1600°C/6hrs

Thick Film GDC Electrolyte by Colloidal Deposition 
on Porous Ni-GDC Cermet



50µm

LSCFGDC

Ni-GDC

Ni-GDC / GDC(≈15µm) / LSCF(≈85µm)

Fractured Section of Fuel Cell
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Decomposition PO2

PO2
Fuel

PO2
Air

SDC ESB

PO2 Profile

LSDC LESB LSDC LESB

BILAYER CONCEPT 

LSDC /LESB > τoptimal

ESB is stable

LSDC /LESB < τoptimal

ESB decomposes

Interfacial PO2
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MODELED DEFECT EQUILIBRIUM DIAGRAM FOR A 
FLUORITE-STRUCTURED OXIDE
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COMPARISON OF DEFECT MODEL WITH NUMERICAL 
SOLUTION TO DEFECT EQUATIONS FOR Ce0.8Sm0.2O1.9-δ
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Numerical
solution   – closed symbols

Liter.* – open symbols

Model – lines

* O. Porat and H. L. Tuller, J. Electroceramics 1 (1997) 42. 
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FIT OF DEFECT MODEL TO CONDUCTIVITY DATA*

* Eguchi et al, Solid State Ionics 52 (1992) 265.    
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FUNDAMENTAL EQNS. & DEFNS.
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OPEN CIRCUIT (Φoc) vs. NERNST (Φsensor) POTENTIAL 
FOR SDC SOFC

model (—), expt. data (+), sensor (---)

H2/H2O (CO/CO2), Pt/ SDC / Pt, Air

800 ºC 500 ºC
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max. power

short circuit

max. power

short circuit

0.05 ~140~0.007

0.11 4.00.25500 ºC

0.003 7.10.14

0.010 1.00.98800 ºC

ASR* (Ωcm2) 1/ τ = LESB/LSDCτ

RELATIVE THICKNESS (τ) PREDICTED BY MODEL

*   L = LESB + LSDC = 10 µm



Developed Analytical Models for Transport in Oxides
- Based on Nernst-Planck flux equation and  defect equilibria 
(minimal assumptions)

- Determined external equilibrium constant, KR

- Verified transport model for SDC OCP vs. anode PO2

- Verified defect model for SDC conductivity vs. PO2

- Used model to predict SDC/ESB thickness ratio
@500 ºC             140 > LESB/LSDC > 4

0.05 Ωcm2 < ASR < 0.11 Ωcm2

SUMMARY



Fabricated and Tested ESB/SDC Bilayer Electrolytes
- Achieved OCP = 1.00 V and ti = 0.9
- Demonstrated increasing relative thickness of ESB increases
OCP and ti

Consistent with bilayer concept
Consistent with computer model predictions

Fabricated thin (~10 µm) anode supported GDC SOFCs
-Maximum power density @650 C = 270 mW/cm2

Developed New Bismuth Oxide Electrolyte (DWSB)
- Highest conductivity of any known electrolyte

-0.57 S/cm at 800°C
-0.043 S/cm at 500°C

SUMMARY-Continued
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(Y*)¼b1 = 10-30 m3

(Y*)1/4b1 = 2x10-30 m3

(KIC*)2/7b2 = 6x10-30 m3

(KIC*)2/7b2 = 3x10-30 m3

x/L x/L

Y(x)=Y*[(Y*)1/4b1cV(x)+1]-4 KIC(x)=KIC*[(KIC*)2/7b2cV(x)+1]-3.5

APPLICABILITY TO SOFC COMMERCIALIZATION
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Activities for the Next 3 Months…

Develop cathode compatible with Bi2O3 electrolyte.

Fabricate and test thin anode-supported ESB/GDC SOFCs.
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